Rationale Preclinical studies indicate that gonadal hormones are important determinants of drug self-administration. To date, little is known about the influence of sex and estrous cycle on drug self-administration in ecologically relevant social contexts. Objective The objective of this study was to examine the role of sex and estrous cycle in a rat model during cocaine and heroin self-administration with male-female and femalefemale social dyads. Methods Male and female virgin rats were trained to selfadminister cocaine and heroin in operant conditioning chambers that permitted two rats to self-administer concurrently, but prevented physical contact. Experiment 1 examined cocaine self-administration on a progressive ratio schedule in male-female dyads. Experiments 2 and 3 examined heroin self-administration on a fixed ratio schedule in male-female dyads at constant and varying doses, respectively. Experiment 4 examined heroin self-administration in female-female dyads on a fixed ratio schedule. Results Cocaine-maintained breakpoints increased by ∼17 % in females during estrus, but remained consistent in males. Heroin self-administration decreased by ∼70 % during proestrus in females whether they were isolated, housed with males, or housed with females. Heroin self-administration was lower in males than females under some conditions and was not consistently associated with the responding of females. Conclusions Cocaine and heroin self-administration is influenced by the estrous cycle in females when in the presence of a male partner. As a novel finding, these data illustrate that heroin self-administration is reduced in females during proestrus regardless of the social context tested. Finally, these data suggest that drug self-administration in males is only minimally influenced by the hormonal status of a female partner.
Introduction
Clinical studies indicate that sex plays a critical role in the etiology and treatment of substance use disorders. For example, women transition to patterns of abuse more rapidly, relapse more readily, and report greater craving for cocaine than men (Becker et al. 2005; Kosten et al. 1993; Westermeyer et al. 1997) . Similarly, women meet criterion for dependence to opioids more rapidly and enter treatment for opioid abuse sooner than men Hser et al. 1987) . Preclinical studies also indicate that sex plays a critical role in the acquisition, maintenance, escalation, and reinstatement of drug self-administration in laboratory animals, with females exhibiting greater susceptibility to the effects of multiple drugs as compared to males (Caggiula et al. 2002; Campbell and Carroll 2000; Lynch 2006; Lynch and Carroll 1999; Lynch et al. 2002; Marusich et al. 2015; Wissman et al. 2011) . Female rats are also more sensitive than male rats to the effects of social defeat-induced stress on measures of cocaine-induced locomotor activity and bingelike cocaine self-administration (Holly et al 2012) . Furthermore, in females, a social defeat-induced anhedonic phenotype is predictive of binge-like cocaine selfadministration (Shimamoto et al. 2015) .
Studies using human participants have reported increased subjective ratings of euphoria and craving during the follicular phase (high estrogen) compared to the luteal phase (moderate estrogen) following administration of amphetamine and smoked cocaine (Evans and Foltin 2006; Evans et al. 2002; Justice and de Wit 1999; White et al. 2002) . Similarly, studies conducted in rats reveal that drug sensitivity and drug selfadministration are dependent on gonadal sex hormones and vary across the rat estrous cycle (Caine et al. 2004; Carroll and Smethells 2015; Grimm and See 1997; Larson et al. 2007; Lynch et al. 2001; Segarra et al. 2014) . For instance, Roberts and colleagues (1989) reported that higher cocaine-maintained breakpoints were observed in female rats during the estrus phase as compared to other phases. Lynch (2008) reported similar results and found significant correlations between estradiol concentrations and cocainemaintained breakpoints on a progressive ratio (PR) schedule. Similar effects have been found for cocaine-induced locomotion and stereotypy, with the highest levels of both behaviors occurring during the estrus phase relative to all other phases (Quinones-Jenab et al. 1999) . Taken together, these studies indicate a critical role of estrous in cocaine-related behaviors.
Fewer studies have examined the role of the estrous cycle during opioid self-administration and research to date has failed to demonstrate a consistent effect of the estrous cycle and gonadal hormones on opioid intake. For example, Stewart and colleagues (1996) reported no effects of estrogen in ovariectomized (OVX) rats relative to vehicle-injected controls during acquisition and maintenance of heroin selfadministration on a PR schedule. In contrast, Roth and colleagues (2002) reported that estrogen treatment increased both acquisition and heroin-maintained responding on a fixed ratio (FR) schedule compared to vehicle-treated controls, but no effect of estrous cycle was observed on the acquisition of heroin self-administration. The apparent inconsistency may be the result of differential testing procedures (e.g., maintenance relative to acquisition phases and the duration of test sessions).
Changes in drug-maintained responding as a function of estrous cycle may be of particular interest when placed in the context of the growing body of literature indicating that drug taking can be influenced by a social partner (for reviews, see Strickland and Smith 2014; . Until recently, studies examining the effects of social contact on measures of drug self-administration were limited by the lack of commercially available equipment allowing more than one animal to engage in drug self-administration in close proximity to a partner. Our laboratory recently developed operant conditioning chambers that allow rats full visual, auditory, olfactory, and limited tactile contact during drug self-administration. Using these chambers, we reported that cocaine self-administration can either be facilitated or inhibited by social contact based on whether a partner is also self-administering cocaine (Smith 2012) . These findings are consistent with epidemiological studies reporting the influence of peers (and the behavior of peers) on drug use among adolescents and young adults (Bot et al. 2005; Salvy et al. 2014 ). These chambers thus provide an ecologically valid model of drug use by which drug effects may be examined within a social context.
Previous research on the effects of social contact on intravenous drug self-administration has relied mostly on males and male-male dyads. This represents a significant limitation of the literature given the increasing prevalence of substance use disorders in females (Brady et al. 2009; Greenfield et al. 2010 ) and the ubiquitous nature of mixed sex dyads in humans. Accordingly, we designed a series of experiments to assess these features of human drug use in social operant conditioning chambers. To this end, we first examined cocaine breakpoints on a PR schedule and heroin intake on an FR schedule, both common tests of reinforcing efficacy for these drugs (Arnold and Roberts 1997) . Importantly, we used malefemale dyads and later female-female dyads to assess the role of social contact and the estrous cycle on drug self-administration. Additional experiments were conducted to elucidate the novel finding regarding the effects of estrous cycle on heroin intake in social contexts.
Methods Animals
Nulliparous male and female rats arrived to the vivarium at ∼70 days old. The rats were single-housed for 1 week to acclimate to the vivarium. Except during a brief period of food restriction required for lever press training, rats had free access to food and water throughout the experiment. Animals were maintained on a 12:12 light/dark cycle (lights on: 0500). All subjects were maintained in accordance with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources 2011) and all experimental procedures were approved by the Institutional Animal Care and Use Committee of Davidson College.
Apparatus
Rats were trained in commercially available operant conditioning chambers (Med Associates Inc., St. Albans, VT) during lever press training. The custom-built, operant conditioning chambers used throughout self-administration training and testing are modular in design, constructed with stainless steel and aluminum, have a wire screen bisecting the chambers and are IACUC-approved for the long-term housing of rats (Faircloth Machine Shop, Winston-Salem, NC). The primary advantage of these chambers is they allow rats full visual, auditory, olfactory, and limited tactile contact during drug self-administration sessions. Subjects were moved into the custom-built chambers 1 week after arrival and remained in the chambers for the remainder of the experiment. Importantly, in the case of the male-female dyads, the wire screen dividing the chamber prevented copulation. These animals had no previous sexual experience or established dominance hierarchy.
Lever press training
Lever press training occurred according to previously published methodologies (Smith 2012; Smith et al. 2008; . Importantly, operant training sessions continued until rats acquired 40 food pellets during three consecutive training sessions; in general, this required 1 week of training. Following completion of lever press training, rats were placed back on unrestricted access to food for the remainder of the study.
Estrous cycle monitoring
Concurrent with the beginning of lever press training, daily collection of vaginal cells (via lavage) began in female subjects. Samples were collected and analyzed using light microscopy (×100) less than 1 h before each self-administration session. The cells were categorized into one of four estrus phases: metaestrus, diestrus, proestrus, and estrus (Goldman et al. 2007; Hubscher et al. 2005; Marcondes et al. 2002) . Data were used from cycles in which all phases were represented. Overall, 18.4 % of cycles were not used because of incomplete cycles; however, all females (100 %) showed multiple complete cycles both before and during drug exposure. We found no evidence that either cocaine or heroin suppressed cycles. Data were obtained from 3 to 8 cycles from each rat per experiment.
Catheter implantation
Briefly, rats were anesthetized with a combination of ketamine/xylazine and a catheter was implanted in the right jugular vein that exited on the dorsal surface between the scapulae (Lacy et al. 2014a; Smith et al. 2008) . Catheters were flushed with ticarcillin for 7 days and only heparinized saline thereafter. Rats were allowed a minimum of 3 days of recovery before self-administration began.
Self-administration training
Rats were given access to 1.0 mg/kg/infusion cocaine (experiment 1) or 0.01 mg/kg/infusion heroin (experiments 2-4) on a fixed ratio (FR1) schedule during 4-h sessions. Rats were restricted to a maximum of 40 reinforcers during this time. Rats were moved to the testing phase if they received more than 20 reinforcers in three consecutive sessions. All training and testing sessions began promptly at 1700, at the beginning of the dark phase of the light/dark cycle.
Self-administration testing
Experiment 1: Male-female dyads (N = 24; 12 male/female dyads) were tested using a PR schedule, which successively increases the ratio value required to receive cocaine reinforcement, i.e., 1, 2, 4, 9, 12, 15, 20, 25, 32, 40, 50, 62…603 (Richardson and Roberts 1996) . Breakpoints were defined as the number of infusions received. Sessions terminated automatically when 1 h elapsed with no infusions. Rats were repeatedly tested on this PR schedule for approximately 30 days at a constant dose of 0.5 mg/kg/infusion cocaine. The number of PR sessions animals completed ranged from 21 to 32 (mean = 29.5).
Experiment 2: Male-female dyads (N = 12; six male/female dyads) were tested on an FR1 schedule with a constant dose of 0.0075 mg/kg/infusion heroin for a minimum of 20 daily test sessions. All sessions were 2 h in duration and no limit was placed on the number on infusions that could be obtained. Importantly, an FR schedule was used in this experiment (as well as experiments 3 and 4) because opioid selfadministration is not amenable to within-session PR procedures and requires modified (e.g., between-session) procedures in order to obtain breakpoints greater than vehicle infusion alone (Arnold and Roberts 1997; Grasing et al. 2003; Roberts and Bennett 1993) . Consequently, results from different experiments are not necessarily directly comparable and any cross-experiment comparisons should be considered exploratory.
Experiment 3: Male-female dyads (N = 10; five male/ female dyads) were tested on an FR1 schedule with 0.0003, 0.001, 0.003, 0.01, and 0.03 mg/kg/infusion heroin. Doses were tested in a pseudo-random order such that no more than two ascending or descending doses were tested in a row. Each dose was tested across an entire estrous cycle in each female and the same dose was tested simultaneously in her male social partner. In this way, each of the five doses were tested for at least four consecutive days (to accommodate each estrous phase), leading to at least 20 daily test sessions. Pairs of animals changed to a new dose following the completion of the female's estrous cycle. Males and females were tested at the same time with access to the same concentrations of heroin for the same duration. Again, all sessions were 2 h in duration and no limit was placed on the number of infusions that could be obtained.
Experiment 4: Female-female dyads (N = 12; six female/ female dyads) and three isolated females were tested with a constant dose of 0.0075 mg/kg/infusion heroin in the same manner as that described in experiment 2 (see above).
Data analysis
For all experiments, the metaestrus and diestrus phases were averaged together, as means, in a manner similar to that described in previous studies (referred to as M/D below; Feltenstein and See 2007; Roberts et al. 1989) . For the PR study, data were defined as the number of infusions obtained as opposed to the final ratio value completed because the latter are not normally distributed and show high heterogeneity of variance (Green et al. 2002; Liu et al. 2005) . In experiment 1, a mixed factor ANOVA (sex × cycle) was performed to determine differences between males and females on cocainemaintained breakpoints. Experiment 2 also employed a mixed factor ANOVA (sex × cycle) to examine males and females during heroin self-administration. A mixed factor ANOVA (sex × cycle × dose) was used to analyze data gathered in experiment 3. Area under the curve calculations were also determined in experiment 3 using the trapezoidal rule (Cooper et al. 2008 ) and the effect of cycle was examined via repeated measures ANOVA. In experiment 4, a repeated measures ANOVA (cycle) was used to examine heroin selfadministration in female-female dyads and isolated females. For all analyses, self-administration data were averaged over multiple cycles for each rat resulting in a mean value for each of the three phases of estrous: meta/diestrus (M/D), proestrus (P), and estrus (E). Mean values were taken in this manner to prevent some rats (i.e., those completing a greater number of cycles) from being over-represented in the analyses. Post hoc t tests, using the Holm-Bonferroni correction, were used to examine between and within-group differences following significant effects in the omnibus analysis. An alpha level of 0.05 was used to determine statistical significance for all analyses.
Results

Experiment 1
The role of estrous cycle in male-female dyads during cocaine self-administration on a PR schedule. Figure 1 shows breakpoints maintained by cocaine on a PR schedule in male-female dyads. A 2 × 3 mixed factor ANOVA revealed a significant main effect of cycle [F(2, 44) = 6.02, p < .01], indicating that cocaine-maintained breakpoints were greatest during estrus. Analyses based upon a priori predictions in females revealed a significant main effect of cycle [F(2, 22) = 6.61, p < .01], with the highest breakpoints reached during estrus. Post hoc analyses indicated that breakpoints during estrus were significantly higher than those during meta/diestrus and proestrus. Conversely, analyses of males revealed no differences in breakpoints across the estrous cycle of their partners. These data indicate that estrus is associated with increased cocaine-maintained breakpoints in females but not in their male partners.
Experiment 2
The role of estrous cycle in male-female dyads during heroin self-administration on an FR1 schedule (constant dose).
Figures 2 
Experiment 3
The role of estrous cycle in male-female dyads during heroin self-administration on an FR1 schedule (dose-response analysis). .59, p < .05] were also significant. Heroin self-administration was generally characterized by an inverted BU-shaped^dose-effect curve in both sexes regardless of the phase of estrous. The mean number of heroin infusions during proestrus was significantly lower than meta/diestrus or estrus. The significant interaction of cycle × sex indicated that females selfadministered more heroin than males with significant reductions during proestrus. Males, on the other hand, showed reduced responding during the proestrus and estrus phase of their female partner.
Separate analyses in females revealed a significant main effect of cycle [F(2,8) = 31.06, p < .001], which is concordant with experiment 2 and indicates a reduction in heroin selfadministration during proestrus. The dose-effect curve was shifted downward, with the greatest reductions observed at low to moderate doses [dose: F(4,16) = 4.17, p < .05; dose × cycle: F(8,32) = 3.05, p < .05]. An analysis of data from males revealed that heroin functioned as a reinforcer, with the .001, .003, and .03 mg/kg/infusion doses differing significantly from saline. Males exhibited reductions in self-administration during both the estrus and proestrus phase of their partner [cycle: . These data indicate that females showed reductions in heroin selfadministration during proestrus and males showed reductions in heroin self-administration during the proestrus and estrus phases of their female partners.
Experiment 4
The role of estrous cycle in female-female dyads during heroin self-administration on an FR1 schedule (constant dose). Figure 6 depicts responding maintained by 0.0075 mg/kg/ infusion heroin in female-female dyads. A repeated measures ANOVA revealed a significant main effect of cycle [F(2,22) = 12.18, p < .001], with significantly lower heroin infusions obtained during proestrus than other phases. Cohen's kappa coefficients (i.e., a measure of inter-subject agreement for categorical data) indicated that the estrous cycles were not synchronized within dyads (mean k = −.04 for individual dyads). Additional analysis of data obtained from three individually housed females was in accord with the findings from the social dyads. A significant effect of cycle [F(2, 4) = 65.07, p < .01] was found with post hoc analyses revealing a significant reduction in heroin infusions during proestrus compared to other phases (Fig. 7) .
Discussion
The primary findings of this study were that drug selfadministration frequently differed between males and females and drug self-administration varied across the estrous cycle in females. We found that cocaine self-administration increased during estrus in females when a male partner was present and that heroin self-administration decreased during proestrus regardless of the social context. This latter effect was observed across a 100-fold range of heroin doses and across multiple estrous cycles, indicating a robust and reliable effect of proestrus on the positive reinforcing effects of heroin. Finally, we found that drug self-administration in males was generally not related to the drug-reinforced responding of their female partner, but may be influenced by their partner's estrous cycle under some conditions. These data were collected in an ecologically relevant context in which rats were able to interact . The examination of male-female dyads is particularly relevant given the increased prevalence and importance of opposite-sex relationships during development (Dunphy 1963; Poulin and Pederson 2007) and data suggesting that an opposite-sex relationship serves as a risk factor for drug use during adolescence (Dick et al. 2007; Molly et al. 2014; Mrug et al. 2011) . Sex-based differences in drug self-administration are a critical area of research given the increased susceptibility to drug abuse in female populations and the lesser amount of research focused on drug abuse in females (Becker et al. 2005; Brady and Randall 1999; Clayton and Collins 2014; . In this study, we observed greater rates of heroin selfadministration in females relative to males in experiment 3.
This finding is concordant with previous studies demonstrating greater rates of drug self-administration in females (Cicero et al. 2003; Lynch and Carroll 1999; and supports the hypothesis that females may be particularly sensitive to the reinforcing effects of drugs and may be at a higher risk for developing a substance use disorder.
Cocaine self-administration varied across the estrous cycle in females, peaking on the night of estrus. These data are consistent with those of previous studies (Lynch 2008; Roberts et al. 1989 ) and extend those findings to an ecologically relevant social model. In contrast, cocaine selfadministration in males was remarkably consistent across sessions and did not vary according to the behavior or hormonal status of their female partners. These data suggest that the effects of estrous on cocaine self-administration were specific to females and did not extend to their male partners, at least under conditions in which social contact was permitted but sexual contact was prevented. Heroin self-administration also varied significantly across the estrous cycle in females. Specifically, we found a robust (∼70 %) reduction in heroin self-administration in females during proestrus that was reliable across repeated estrous cycles. To our knowledge, this effect has not been reported previously. These decreases were consistent across a 100-fold range of doses and reflected a downward shift in the doseeffect curve, suggesting a reduction in the efficacy of heroin (rather than a change in its potency) to function as a positive reinforcer. Moreover, this effect was apparent in every female tested, whether they were housed in isolation (3 out of 3 female rats), with a male partner (11 out of 11 female rats), or with a female partner (12 out of 12 female rats). Proestrus is of particular biological interest because of the relative increases in estradiol and progesterone during this period (Butcher et al. 1974) .
The effects of the estrous cycle on drug self-administration are presumed to be due to variations in circulating ovarian hormones. Female rats show significantly more cocaineinduced locomotor behavior and cocaine self-administration during behavioral estrus, a period shortly after estradiol peaks in which females engage in proceptive/receptive behaviors (e.g., lordosis), than during other phases of the cycle (Jackson et al. 2006 ). Relative to non-estrus females, females in estrus showed greater responding during self-administration, extinction, and cocaine-primed reinstatement (Feltenstein and See 2007) . Interestingly, this effect is selectively attenuated by progesterone (Feltenstein et al. 2009 ). Indeed, the highest progesterone levels were noted at the time of lowest cocaine seeking (proestrus) and the lowest levels of progesterone occurred at the time of highest cocaine seeking (estrus; Feltenstein and See 2007) . In OVX rats, estradiol treatment increased cocaine sensitization (Festa and Quinones-Jenab 2004; Hu et al. 2004) , cocaine selfadministration (Jackson et al. 2006; Yang et al. 2007) , and cocaine-seeking behavior during reinstatement (Larson et al. 2005) . In contrast, progesterone attenuated the effects of estradiol, acting as a protective factor. For example, acute progesterone pretreatment reversed the effects of estradiol on the acquisition of cocaine self-administration (Jackson et al. 2006 ) and cocaine-primed reinstatement in OVX rats. In addition, the progesterone metabolite, allopregnanolone, blocked the escalation of cocaine selfadministration , cocaine-primed reinstatement (Anker et al. 2009 ), and stress-induced reinstatement in female rats. Taken together, these studies provide strong evidence for the role of gonadal hormones in cocaine abuse vulnerability, with estradiol increasing susceptibility and progesterone decreasing susceptibility.
The effects of gonadal hormones on heroin selfadministration are less clear and previous studies have failed to observe a consistent relationship. For instance, Roth and colleagues (2002) reported that estrogen-treated OVX rats acquired heroin self-administration faster and obtained more heroin infusions than vehicle-treated rats. In contrast, Stewart and colleagues (1996) failed to find an effect of estradiol on the acquisition of heroin self-administration in OVX rats and failed to find a difference in heroin-maintained breakpoints between estrogen-treated and progesteronetreated rats. These conflicting findings may be explained by procedural differences between the two studies, including the doses and schedules of reinforcement used. Interestingly, Roth and colleagues (2002) also reported no significant effect of the estrous cycle in control rats treated with vehicle on either the rate of acquisition or the number of heroin infusions obtained. It should be noted that sessions lasted 12 h in that study (6 h of autoshaping + 6 h of self-administration), which likely meant that some test sessions overlapped multiple phases of estrous.
In the present study, we found that drug self-administration in males was influenced by the estrous cycle of their female partner, but only under very limited conditions. We previously reported that drug self-administration can either be facilitated or inhibited by social contact (Smith 2012; Smith et al. 2014) and that patterns of drug-reinforced responding become more similar over time within social dyads (Lacy et al. 2014b) . We have also reported that rats without access to cocaine will press an inactive response lever in a way that Bmimics^the responding of a social partner that is self-administering cocaine (Smith 2012) . Such findings led us to hypothesize that variations in the responding of females across the estrous cycle would similarly affect the behavior of their male partners. Contrary to our hypothesis, males in experiments 1 and 2 did not exhibit variations in their responding despite significant variations in the responding of their female partners across the estrous cycle. Interestingly, these data may assuage concerns by investigators about housing males and females in the same room for fear of the presence of opposite-sex animals influencing responding. In experiment 3, heroin selfadministration in males varied across the estrous cycle of their partners, but followed a different pattern relative to that of females. Specifically, whereas responding decreased only during proestrus in females, responding decreased during both proestrus and estrus in males. We emphasize that heroin selfadministration was uniformly low in males and never reached the levels seen in females. Collectively, these data do not support the hypothesis that drug self-administration in males varies according to that of their female partner but does allow for a limited role of a female's hormonal status under some conditions. As an additional consideration, the reinforcement schedules, procedures, and reinforcers varied between each of the experiments. This does not allow for direct comparison of cocaine versus heroin infusions, for example. Thus, each experiment should be interpreted individually, but with the commonality of the effects of estrous cycle on drug selfadministration in social contexts. Similarly, it should be noted that all animals underwent lever press training prior to catheter implantation (see Methods), preventing an unbiased examination of the effects of these manipulations on the acquisition of drug-reinforced responding.
The present findings support previous studies describing significant sex differences in drug self-administration. As a novel finding, heroin self-administration was markedly and consistently reduced during proestrus, a time in which circulating concentrations of both estradiol and progesterone are high. In contrast to our hypothesis, the response patterns of males did not consistently track those of females and there Data obtained from three isolated female rats (R2737, R2779, and R2776) presented as scatterplots. The mean number of infusions was significantly lower during proestrus than during estrus and meta/diestrus was only limited evidence that drug self-administration in males was influenced by the hormonal status of their female partners. Collectively, these findings demonstrate the influence of sex and the estrous cycle on measures of drug selfadministration in an ecologically valid model of the social environment.
